Introduction
Ubiquitin-dependent proteolysis plays an essential role in many processes, including cell division, cell proliferation, and differentiation. In this pathway, covalent at- To examine the expression and subcellular localizadefect associated with SCF mutants; this finding sugtion of the signalosome complex, we raised a polyclonal gests that neddylation and deneddylation of cullins may antibody against CSN-5. The affinity-purified serum was be required for full SCF activity in vivo [7, 20] .
able to detect a specific band at the expected size (41 Here, we have investigated the role of the COP9/sigkDa) in embryo extracts ( Figure 1E ). Indirect immunoflunalosome in C. elegans. Based on sequence homology, orescence revealed that CSN-5 was in the cytoplasm we identified six subunits and found that inactivation during mitosis and was prominently in the nucleus durof the COP9/signalosome by RNAi interferes with cell ing interphase of early embryos (Figures 1Da, 1Dc , and division in early embryos. Interestingly, the observed 1De). This staining was specific, as it was not detected phenotypes closely mimic inactivation of CUL-3 or the in csn-5(RNAi) embryos (Figure 1Dg ). NED-8 conjugation pathway, and we show that CUL-3 is indeed a critical target of both the neddylation pathway as well as the COP9/signalosome. Based on genetic Loss of COP9/Signalosome Activity Causes evidence, we propose that cycles of neddylation and Defects in Microtubule-Dependent Processes deneddylation are essential for the activity of the CUL-3 at the Meiosis-to-Mitosis Transition ubiquitin ligase in vivo.
To address the function of the COP9/signalosome complex during the early cell divisions of C. elegans embryos, we inactivated the signalosome (see the Experimental Results Procedures) and recorded the two first embryonic divisions with Nomarski Differential Interference Contrast The C. elegans Genome Encodes Six Conserved optics (DIC) by time-lapse microscopy. Interestingly, Signalosome Subunits csn(RNAi) embryos displayed several defects in microSearches in the C. elegans databases with PSI-BLAST tubule-dependant processes at the one-and two-cell analysis allowed us to identify six putative signalosome stage that were similar to those caused by reducing the subunits that exhibit significant amino acid identity with activity of the NED-8 conjugation pathway [11] . While their mammalian, Drosophila, and plants counterparts in wild-type embryos the mitotic spindle set up and (see the Supplemental Data available with this article elongated along the AP axis after a 90Њ rotation of the online). Like in other species, CSN-5 and CSN-6 contain nucleocentrosomal complex (Figure 2Ad ), the mitotic a MPN motif, while all the other subunits harbor a PCI spindle was not correctly oriented and sometimes elondomain. This search also identified K08F11.3 as a putagated transversally in csn(RNAi) embryos (Figure 2Aj tive CSN-7 homolog (see the Supplemental Data), aland Table 1 ). Examination of microtubules during metathough the amino acid identity with bona fide CSN-7 phase and anaphase in fixed csn-6(RNAi) embryos by proteins from other species is rather low. Surprisingly, using indirect immunofluorescence revealed that the mino obvious C. elegans CSN-8 homolog was detected.
crotubule network was disorganized, and astral microtuThe CSN-5 homolog in Saccharomyces cerevisae bules required for spindle positioning and elongation (Rri1) was recently shown to function as a deneddylase appeared shorter (Figure 2Cc and 2Cd) . Cytokinesis for the cullin Cdc53 [12, 20] . To test whether CSN-5 is a failed in roughly 75% of the csn(RNAi) embryos, and the functional homolog of Rri1, we examined the rubylation lack of cytokinesis led to the formation of multinucleated state of Cdc53 in rri1⌬ cells expressing CSN-5 from the cells (Table 1) (Table 1) , spindle defects in microtubule-dependent processes observed The orientation of the spindle was determined at the end of mitosis (defined by cleavage furrow ingression) in wild-type and in the indicated csn(RNAi). In wild-type embryos, the mitotic spindle aligns and elongates along the anterior-posterior (A-P) axis of the embryo (angle with the A-P axis corresponds to 0Њ). Embryos in which the mitotic spindle formed an angle with the A-P axis were scored as embryos presenting a spindle orientation defect (see Figure 2Aj , angle ϭ 90ЊC). Embryos that were able to initiate the formation of a cleavage furrow that subsequently regressed were scored as embryos with a cytokinesis defect.
positioning and cytokinesis were rescued in 11 out of Figure 4A , these antibodies specifically recognized two bands migrating at the expected size for CUL-3 and 11 mei-1(RNAi); csn-2(RNAi) embryos. We conclude that neddylated CUL-3, respectively. Indeed, both bands both the COP9/signalosome and the NED- ( Figure 4D ). Interestingly, we observed a significant acDiscussion cumulation of neddylated CUL-3 in ZK287.5(RNAi) embryos ( Figure 4C) ; this finding suggests that ZK287. 5 We have identified and characterized six subunits of the may recruit the COP9/signalosome to the CUL-3 C. elegans COP9/signalosome complex. Importantly, complex.
we show that CUL-3 is covalently modified by the ubiquitin-like protein NED-8 and that the COP9/signalosome complex is required for its deneddylation in vivo. Our
Cycling of NED-8 on CUL-3 May Be Required data suggest that cycles of neddylation and deneddylafor CUL-3 Activity In Vivo tion of CUL-3 may be required to effectively target MEI-1/ Our results demonstrate that neddylation and deneddylKatanin for ubiquitin-mediated degradation after comation of CUL-3 are both required for ubiquitin-mediated pletion of meiosis. degradation of MEI-1 after meiosis. We therefore reasoned that cycles of neddylation and deneddylation may be required for proper function of the ubiquitin ligase
The COP9/Signalosome Is Conserved activity of the CUL-3 complex. To test this hypothesis, in C. elegans we took advantage of the temperature-sensitive rflBased on sequence homology, we identified six sub-1(or198ts) mutant, which displays 80% lethality when units of the C. elegans COP9/signalosome. Like their grown at the semipermissive temperature of 23.5ЊC. We plant, yeast, and mammalian counterparts, they appear used RNAi to reduce csn-1 in rfl-1(or198ts) mutant emto assemble in a large complex, as we detect a network bryos grown at the semipermissive of 23.5ЊC and the of interactions among the subunits by two-hybrid analyrestrictive temperature of 25ЊC. While reducing csn-1 sis. This network is almost identical to the one deterfunction in wild-type worms resulted in almost 100% mined among subunits in other species. For example, lethality after 42 hr, inactivation of csn-1 in rfl-1(or198ts)
we were able to reveal eight out of nine known interacmutants grown at 23. CSN-1, CSN-2, CSN-3, CSN-4, CSN-5 [12]. It thus appears that the COP9/signalosome complex is associated with the E3 ligase in a large complex.
RNA-Mediated Interference
Because CUL-3 accumulated in its neddylated form . served in other species. We suspected that the ATG start codon of CSN-3 might not be correctly assigned. Indeed, we were able to Secondary antibodies conjugated to peroxidase against rabbit or mouse antibodies were purchased from Biorad and were used acamplify CSN-3 from a cDNA library by using primers against the potential ATG start codon located at position 859, but not with cording to the specifications provided by the manufacturer.
